Studies on the amino acid content of physiological fluids have usually been carried out under conditions that would permit any cysteine present to be oxidized to cystine prior to analysis. Consequently, little quantitative information has been obtained concerning the relative amounts of the -SH and the -S-S-forms of the amino acid in plasma. To know whether both forms are present is of particular importance in the study of excretion of amino acids by the kidney. Cystine is an amino acid which appears in abnormal quantities in the urine in several pathological conditions (1). Failure of tubular reabsorption has usually been invoked to explain this fact (2), an explanation which tacitly assumes that it is cystine (the -S-S-form) not cysteine (the -SH form) that is circulating in the blood and is cleared by the kidney. If cysteine were to be the predominant form normally circulating, oxidation to cystine in the kidney would be required in order to account for the excretion of the disulfide in the urine.
Studies on the amino acid content of physiological fluids have usually been carried out under conditions that would permit any cysteine present to be oxidized to cystine prior to analysis. Consequently, little quantitative information has been obtained concerning the relative amounts of the -SH and the -S-S-forms of the amino acid in plasma. To know whether both forms are present is of particular importance in the study of excretion of amino acids by the kidney. Cystine is an amino acid which appears in abnormal quantities in the urine in several pathological conditions (1) . Failure of tubular reabsorption has usually been invoked to explain this fact (2) , an explanation which tacitly assumes that it is cystine (the -S-S-form) not cysteine (the -SH form) that is circulating in the blood and is cleared by the kidney. If cysteine were to be the predominant form normally circulating, oxidation to cystine in the kidney would be required in order to account for the excretion of the disulfide in the urine. Fujita and Numata (3) and Smith and Tuller (4) have reported the presence of cysteine in blood. Another observation which could bear on the subject is that of Brand, Cahill and Harris (5) who showed that the amount of cystine in the urine of a cystinuric subject rose after feeding cysteine and methionine, but not after the ingestion of cystine, the sulfur of which appeared almost exclusively as urinary sulfate.
With these thoughts in view, a method has been developed to determine cysteine and cystine individually in the same sample of plasma. The method is based upon the fact that iodoacetate reacts rapidly with cysteine to convert it quantitatively to the stable S-carboxymethyl derivative, which can be determined chromatographically (6, 7) . In the system of elution described (7, 8) for the analysis of physiological fluids with ion exchange columns, the compound emerges between urea and aspartic acid, in a position on the effluent curve not occupied by any other ninhydrinpositive substance normally found in blood plasma. Cystine is unaffected by iodoacetate and hence appears at its usual position, after valine. An effluent curve obtained by automatic recording equipment from a sample of plasma treated with iodoacetate is shown in Figure 1 . In a small series of experiments, the same analytical procedure has also been found to be fairly satisfactory for the estimation of the amounts of cystine and cysteine in freshly voided urine.
MATERIALS AND METHODS
Subjects. The normal subjects (I-IV) were white healthy males ranging from the early thirties to the late forties in age. Subject V was a 19 year old Negro male who had been hospitalized for a minor stab wound of the chest about 4 days previously. The cystinuric subj ect (W.E.) was healthy but had suffered periodically from cystine stones which had been removed surgically on several occasions. The two subjects with Fanconi syndrome (cystine storage disease) were brothers aged 4 years (D.M.; weight 36 pounds) and 7 years (S.M.; weight 47 pounds). They presented all the findings typical of the disease [cf. Bickel, Smallwood, Smellie and Hickmans (9)], including small stature, bone changes due to rickets, cystine storage manifested by cystine crystals in the cornea, and amino aciduria. They also showed kidney damage. The younger had a blood urea nitrogen of 32 mg per 100 ml and a maximal urea clearance of 33.7 to 34.9. The corresponding values for the older brother were 79 mg per 100 ml and 7.7 to 8.7.
Samples. Somewhat more than 10 ml of blood from the antecubital vein was drawn into a dry syringe through a no. 19 (7) for the acidic and neutral amino acids. The results of the analysis are tabulated in Table I (Subject I).
of the hematocrit. If a larger or a smaller amount of blood was used, the amounts of all of the other constituents were adjusted proportionately. The plasma was separated by centrifugation (during which time the reaction of cysteine and iodoacetate proceeds to completion), deproteinized with picric acid, and freed of picric acid by the use of a bed of Dowex 1 -X8, as described previously (10), except that the step wherein cysteine was oxidized to cystine was not required. The sample was concentrated almost to dryness on a rotary evaporator and washed into a 5 ml volumetric flask with buffer at pH 2.2 (7). The aliquot taken for each chromatographic analysis was 2 ml.' Protein-free specimens were stored, if necessary, at -200 C prior to analysis. 1 The peaks from both S-carboxymethylcysteine and cystine are relatively small, and the steady baseline obtained with the automatic recording equipment facilitates the analysis. It would be more difficult to determine the two compounds by the manual method (8) , and with either procedure the accuracy would be increased by using a larger load more closely equivalent to 4 ml of blood plasma (11) .
For the analysis of urine, an aliquot of a freshly voided sample obtained from a fasting subject was added to a 10 ml volumetric flask containing the reagents given above for the treatment of blood. After 20 minutes, to allow the reaction of iodoacetate with cysteine to proceed to completion, an aliquot was removed and brought to pH 2.2 by the addition of N HCl (0.1 to 0.2 ml per ml of urine). The volume of sample chromatographed was determined on the basis of the specific gravity of the undiluted urine sample; an amount was used that corresponded to about 2 ml of urine of specific gravity 1.020 (e.g., 4 ml of urine, sp gr 1.010). Urine samples may be stored frozen under toluene after reaction with iodoacetate, although there is a loss of methionine with time.
Chromatographic analyses. All analyses were performed with the aid of the automatic recording equipment described by Spackman, Stein and Moore (7) . The 300 to 500 system recommended for the analysis of physiological fluids (8) was employed [cf. Moore, Spackman and Stein (11) ]. Under these conditions, S-carboxymethylcysteine emerges at about 120 ml, or 32 ml before tlhreonine. The S-carboxymethyl derivative of reduced glutathione, not normally observed, emerges at about 52 ml before threonine.
In calculating the amino acid content of the plasma, allowance must be made for the dilution brought about by the reagent solution present in the volumetric flask into which the freshly drawn blood is introduced. For example, if 9 ml of whole blood is added to 1 ml of reagent solution (10 ml Figure 1 . Qualitatively, the only significant difference between this curve and one obtained from plasma not treated with iodoacetate [(11), Figure 4 ] is the appearance of the peak at 120 ml which is attributable to S-carboxymethylcysteine. (There also appears a small peak with maximal absorption at 440 mut just after urea.) A cystine peak is still present, so it is clear that plasma contains both cystine and cysteine. Although iodoacetate is known to react with other functional groups of amino acids (12, 13) , the alkylation of sulfhydryl groups at neutrality is by far the most rapid reaction, being complete in less than 20 minutes at pH 6 and room temperature.
The observed cystine and cysteine contents of several samples of plasma are given in the top section of Table I In both of the children suffering from the Fanconi syndrome, the cystine in the plasma is slightly elevated, but the cysteine is in the normal range. In the cystinuric subject, both cysteine and cystine are low.
The adequacy of the iodoacetate procedure was checked by recovery experiments in which a known quantity (0.1 ml of a 1 per cent solution) of cysteine HC1 was added to one-half of a sample of whole blood prior to the iodoacetate treatment. Thereafter both halves were carried through the iodoacetate procedure and the chromatographic analyses in tandem. coagulant, but also protects sulfhydryl groups from the oxidation normally catalyzed by traces of metal ions. Without EDTA, cysteine in 0.003 M solution at pH 6.8 will be oxidized to the extent of 30 per cent in 45 minutes, as determined by the spectrophotometric method of Alexander (16) .
In the presence of the chelating agent, on the other hand, there is no decrease in sulfhydryl content during the first 60 minutes. The cystine and cysteine content of urine. The determination of cysteine in urine as the S-carboxymethyl derivative is less precise than it is in blood. The effluent curve from urine not treated with iodoacetate (which needs to be obtained as a control) exhibits a peak very close to and partially overlapping the small carboxymethylcysteine peak, which renders the integration of the latter less certain. The recovery of cysteine added to urine was high, 113 per cent, which reflects the possible error in the integration. The conclusion that the new peak, which appears at the carboxymethylcysteine position when freshly voided urine is treated with iodoacetate, arises from cysteine is well supported by the finding that, when urine has first been allowed to stand under toluene for 24 hours at 4°C which would convert cysteine to cystine, no new peak at the carboxymethylcysteine position appears after treatment with iodoacetate.
The results of analyses for cystine and cysteine in several urine samples are given in Table II . Normal urine clearly contains both cystine and cysteine, and in about the same ratio as normal blood. The total cystine plus cysteine content is in the range previously given (17, 18) for cystine alone; the earlier values were obtained under con-ditions which would have allowed cysteine to be oxidized to cystine prior to analysis. The results obtained from the Fanconi patients are somewhat difficult to evaluate. The concentrations of cystine and cysteine are not markedly increased, but the amount excreted per day is abnormally large as a result of the elevation in urine volume. The ratio of cystine to creatinine is also much higher than normal. Both of the subjects excreted about 130 mg of cystine per g of creatinine, whereas the normal values for an infant lie between 28 and 54 mg, and those for a child, between 10 and 14 mg (19) . Determination of the other amino acids in the urine showed these subjects to have a marked but not a massive aminoaciduria when the results are compared with those for a normal child of about the same age (20) . The amino acid output was more nearly comparable with that observed for infants (19) , particularly as proline and hydroxyproline were found. These two amino acids are characteristic constituents of infants' urine, but not of the urine of children and adults. The values for serine, threonine, citrulline, and lysine were particularly high.
The high cystine excretion of the cystinuric is typical for an individual suffering from this condition. The cysteine content of the urine is slightly below the normal range.
DISCUSSION
The data presented in this communication show that both cysteine and cystine are normally found in blood and urine, and that the disulfide predominates. Clearance calculations (2) for cystine in normal individuals will require reconsideration, but the changes in the numerical values will be small since the ratio of the two forms in urine is found to be similar to that in the blood. Cystinuria is clearly associated with a high rate of clearance of cystine (2) ; there is as yet no evidence that blood cysteine is the precursor of cystine in the urine in this abnormality, even though Brand, Cahill and Harris (5) have shown that ingestion of cysteine (but not cystine) led to increased excretion of cystine in the urine. It is apparent that the metabolic relationships between the -SH and -S-S-forms of the amino acid are not fully understood. Methods such as the present one may permit further studies of the relationships of the two forms in different tissues as well as additional investigations of their excretion by the kidney in normal and pathological conditions. SUMMARY 1. A method has been developed for the determination of cystine and cysteine in the same sample of fresh blood or urine. Cysteine is determined by converting it immediately to the stable S-carboxymethyl derivative by reaction with iodoacetate. The other amino acids are not affected. The amino acid composition, including the S-carboxymethylcysteine content, is determined by ion exchange chromatography on columns of sulfonated polystyrene resins.
2. Normal human plasma obtained from individuals in the postabsorptive state contains about 1 mg of cystine and 0.4 mg of cysteine per 100 ml. The values for a single cystinuric subject were both slightly low, whereas the cystine (but not the cysteine) content of the plasma of two subjects suffering from the Fanconi syndrome was somewhat high.
3. The normal individual excretes, in the fasting state, 10 to 15 mg of cystine and 2 to 4 mg of cysteine per L of urine. The two Fanconi subjects, both of whom exhibited aminoaciduria, had an elevated cystine excretion, but the cysteine content of the urine was essentially normal. In a cystinuric, the cystine excretion was massive, but the cysteine concentration was slightly subnormal.
